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ABSTRACT 
Objective: Chitosan (CS)–tri polyphosphate (TPP)–nano particles (NPs) have been extensively studied during the past few decades due to their 
well-recognized applicability in various fields. Thus, the present study was aimed to optimise the fabrication conditions for the preparation of CS-
TPP-NPs aiming towards smallest possible size, optimal zeta potential and narrow poly dispersity index (PDI), simultaneously. 
Methods: CS-TPP-NPs were prepared via ionic cross-linking of CS and TPP and were characterized physico-chemically (particle size, zeta potential 
and PDI) and morphologically. The influence of several formulation conditions (CS concentrations, CS: TPP mass ratio and initial pH of CS solutions) 
and process parameters (stirring speed, stirring time, ultra-sonication and ultra-centrifugation) on the colloidal characteristics of CS-TPP-NPs were 
investigated. In addition, the colloidal stability of the prepared NPs was also assessed on storage. 
Results: Results clearly identified that the formulation and process parameters showed significant impact on the physico-chemical and 
morphological characteristics of the CS-TPP-NPs. The CS-TPP-NPs prepared under optimum conditions (CS concentration of 0.2 mg/ml, CS: TPP 
mass ratio of 7:1, initial pH of CS solution of 4.0, stirred at 700 rpm for 10 min and ultra-centrifuged at 25 000 rpm for 30 min) had shown a mean 
particle size of ~187±21 nm, zeta potential of+37±3.5 mV, PDI of ~0.28±0.0390 as well as the smooth and round shaped morphology.  
Conclusion: The present study describes the optimal circumstances to fabricate the CS-TPP-NPs with finest physico-chemical characteristics and 
also explore the prospects of manipulation and optimisation of the NPs for intended applications.  
Keywords: Chitosan nanoparticles, Ionic cross-linking, Morphology, Ultra-sonication, Ultra-centrifugation, Colloidal stability  
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INTRODUCTION 
Numerous drug delivery systems have been developed from 1980s 
to date in order to improve drug efficacy, optimize target-specific 
delivery and to minimize non-target toxic effects. In recent decades, 
the researcher’s orientation is being driven by the polymer-based 
nanotechnology. The reason for the successfulness of the polymer-
based drug delivery is biodegradability and biocompatibility of the 
synthetic, semi-synthetic and/or natural polymers, which include 
poly (lactide-co-glycolide) (PLGA) [1], poly(ε-caprolactone) [2], 
chitosan (CS) [3] and a combination of CS and poly(gamma-glutamic 
acid) [4]. These types of nano-carriers can potentially: (1) protect 
the labile compounds from premature degradation, (2) provide 
controlled and sustained release profile via modification of the 
polymeric matrix [5-7] and (3) increase targeted delivery and thus, 
reduce non-target toxicities [8,9]. Nano carrier-based delivery had 
also gained remarkable attention in various fields because of their 
ability to deliver wide range of active molecules in different body 
organs and retained for prolonged time periods. 
Among several polymers constituting NPs; the natural polymer 
chitosan (CS), has been well-established in the preparation of NPs 
because of many advantages such as biodegradability by human 
enzymes, biocompatibility with wide range of cellular lines and 
safety profile [10-12]. CS is a natural polysaccharide comprising of 
co-polymers of glucosamine and N-acetyl glucosamine. It is derived 
by the partial de acetylation of chitin from crustacean shells. Various 
techniques have been used to fabricate CS-mediated NPs including, 
emulsification, ionic cross-linking, and coacervation/precipitation, 
spray-drying, emulsion droplet coalescence method, reverse 
micellar method, sieving and ionic gelation methods. However 
among all, the ionic gelation technique has numerous advantages 
such as; (1) use of aqueous media; (2) preparation of small size and 
compact structured particles; (3) control of colloidal characteristics 
of the NPs by the variation of formulation and process parameters; 
(4) the possibility of encapsulation of a wide range of molecules for 
different intended applications. 
The mechanism behind the ionic gelation method involves an ionic 
cross-linking between cations on the backbone of CS and anion such 
as sodium tri polyphosphate (TPP). In an acidic environment CS 
becomes positively charged and soluble due to the proton ation of 
amino groups of glucosamine. Penta sodium tri polyphosphate (TPP) 
is among the most commonly used poly anion because of its non-
toxic and gel forming properties [13, 14]. Positively charged NPs are 
formed through inter-and intra-cross-linking of the amino groups (–
NH3+) of CS with negatively charged phosphate groups (–PO4–
The current research was executed to investigate the fabrication 
behaviour of the CS-TPP-NPs at various formulation conditions and 
process parameters. The colloidal characteristics of the NPs as a 
function of mean diameter, dispersity index and surface charge were 
examined by varying key parameters such as CS concentration, CS: 
TPP mass ratio and initial pH of CS solution. In addition, the effect of 
stirring rate, ultra-centrifugation and ultra-sonication were also 
) of 
TPP, as reported by Calvo et al. [15]. The ionic-gelation method has 
been extensively studied in various circumstances including, the 
effect of formulation and process parameters on the colloidal 
characteristics and stability of NPs [16]. The particle size 
distribution and zeta potential of NPs greatly depends on the mixing 
procedure of CS and TPP and their stoichiometry, as well as CS 
concentration, degree of de acetylation, and molecular weight [16, 
17]. The NPs colloidal characteristics are also sensitive to the ionic 
strength and the initial pH of preparation media [14, 18]. The CS-
TPP-NPs because of their biodegradability, low toxicity and bio-
compatibility have been frequently studied as a potential delivery 
system for various compounds such as, drugs [11, 19-22], proteins 
[23-25], flavonoids [26], essential oils [27, 28] and genes [29]. 
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studied in the preparation, characterization and isolation of the NPs 
from large particles and agglomerates. Data was further harmonized 
by using transmission electron microscopy (TEM) to observe 
morphological changes in the NPs at various preparation conditions. 
Thus, the aims of the present study were; (a) to evaluate the 
influence of various formulation and process parameters on the 
physico-chemical characteristics of prepared NPs, (b) to achieve the 
optimal conditions for the preparation of CS-TPP-NPs, (c) to 
fabricate the CS-TPP-NPs of smallest possible mean size, highest 
possible zeta potential and narrow dispersity index, (d) to 
determine the swelling behaviour of the prepared NPs, and (d) to 
assess the colloidal stability of NPs at different storage conditions. 
MATERIALS AND METHODS 
Materials 
CS (MW, 70 kDa; de acetylation degree, 85%) and phosphate 
buffered saline (PBS) were purchased from Sigma Aldrich Chemicals 
Co. Ltd. (Kuala Lumpur, Malaysia). TPP was obtained from Merck 
KGaA Co. Ltd. (Germany). All other chemicals used were of analytical 
grade and were sourced from laboratories of University Kebangsaan 
Malaysia (UKM).  
Preparation of CS-TPP-NPs 
CS-TPP-NPs were prepared via ionic cross-linking of CS with TPP in 
accordance to Calvo et al. [15] with slight modifications. CS solution 
of 2 mg/ml was prepared in acetic acid (1% v/v) at different pH 
values (3.0, 4.0, 5.0, 6.0, and 7.0). The pH of the mixtures was 
measured and adjusted with 0.5M NaOH or 1 M HCl using pH meter 
(FE20-FiveEasyTM, METTLER TOLEDO, USA). CS-TPP-NPs were 
spontaneously formed by adding 10 ml of TPP solution (0.1% w/v) 
drop wise into 25 ml of CS solution (2 mg/ml) under vigorous 
magnetic stirring (700 rpm) for 30 min at room temperature. The 
effect of magnetic stirring was investigated at various rotations 
between 200 rpm and 1000 rpm for 30 min. In order to use different 
CS: TPP mass ratios (1:1 to 10:1), the initial concentration of CS was 
kept constant while the volume of TPP added was varied. Likewise, CS-
TPP-NPs were also prepared at various CS concentrations (0.5, 1.0, 2.0, 
3.0, 4.0 and 5.0 mg/ml) using constant TPP concentration (1.0 mg/ml) 
at room temperature. The resulted CS-TPP-NPs were harvested by 
ultra-centrifugation using an Optima L-100 XP Ultracentrifuge 
(Beckman-Coulter, USA) with a NV 70.1 Ti rotor (Beckman-Coulter, 
USA) for 30 min. After the ultra-centrifugation, sediment and 
supernatant were separated carefully by removing the supernatant 
layer for further analysis. The NPs were subsequently lyophilized 
(Scanvac Cool SafeTM
We investigated the effect of several parameters on the CS-TPP-NPs 
properties. In the first set of experiments, we varied the formulation 
factors: CS concentrations, CS: TPP mass ratios and the initial pH of 
CS solutions. In the second set of experiments, we investigated the 
effect of operating parameters: stirring speed, stirring time, ultra-
sonication and ultra-centrifugation on the physico-chemical 
characteristics of the prepared NPs.  
, Chemo science, Thailand) at-40 °C for 24 h. 
Particle size, zeta potential and PDI 
The sediments of the CS-TPP-NPs obtained after ultra-centrifugation 
were resuspended in distilled water. The average particle size, zeta 
potential and PDI were then measured using ZS-90 
Zetasizer® 
Effect of ultra-sonication 
(Malvern Instruments, UK) on the basis of dynamic light 
scattering technique. All measurements were performed in 
triplicates at 25 °C with a detection angle of 90°. Results were 
reported as mean±standard deviation (SD) (n=3).  
Ultra-sonication was performed based on the method reported by 
Floris et al. [30] with slight modification. Ultra-sonic treatments 
were administered using an ultra-sonic probe with diameter of 20 
mm and a 500 W high-intensity ultra-sonic processor (VCX 500, 
Sonics and Materials Inc., USA) operating at 20 kHz. The CS-TPP-NPs 
dispersions were placed in 50 ml beakers and ultra-sonicated in ice 
bath in discontinuous mode in order to avoid temperature 
fluctuation. The ultra-sonic radiation was interrupted by breaks 
where the time fraction of both ultrasonic radiation and the break 
was 0.5 s. The probe was immersed 2 cm deep into the dispersion 
and ultra-sonicated over a period of 10 min. 
Effect of ultra-centrifugation 
This experiment was performed to assess the impact of ultra-
centrifugation on the physico-chemical and colloidal characteristics 
of CS-TPP-NPs. For that, the NPs after simultaneous preparation 
were harvested by a series of ultra-centrifugation speeds (15 000 
rpm, 20 000 rpm, 25 000 rpm, 30 000 rpm and 35 000 rpm) using 
Optima L-100 XP Ultracentrifuge (Beckman-Coulter, USA) with a NV 
70.1 Ti rotor (Beckman-Coulter, USA) keeping the ultra-
centrifugation time constant at 30 min. The centrifuged/sediment 
NPs were then re-dispersed in the 2 ml of ultra-pure water and were 
characterized for mean particle size, zeta potential and size 
distribution range. The results were reported as mean±SD (n = 3).  
Morphological examination  
The morphological features of prepared CS-TPP-NPs were examined 
using high-performance digital imaging transmission electron 
microscope (TEM) (JEOLH-7650, Hitachi High-Technologies Corp., 
Tokyo, Japan). For TEM analysis, a drop of CS-TPP-NPs dispersion 
(in distilled water) was placed onto the copper micro grid which was 
natively stained by phosphotungstic acid, and was allowed to 
evaporate and dry at room temperature (25±2 °C). The dried micro 
grids were then viewed at various resolutions under TEM. 
Swelling studies 
To assess the swelling behaviour of the prepared CS-TPP-NPs, dry 
samples (100 mg) of lyophilized NPs were immersed in PBS at 
different pH values (3.0, 4.0, 5.0, 6.0, 7.0, and 8.0) for 24 h at room 
temperature, until a swollen equilibrium was achieved. The swollen 
samples obtained were then collected by filtration, blotted with filter 
paper for the removal of surface adsorbed water and weighed 
immediately. The swelling ratios of CS-TPP-NPs were calculated 
using equation 1 [31]: 
Swelling ratio (%) = Ws− Wd
Wd
 × 100 (1) 
Where, Ws  and Wd
Colloidal stability  
 are the weights of swollen and dry samples, 
respectively. Results were measured in triplicates (n=3) and were 
reported as mean±SD.  
A series of experiments were executed to determine the colloidal 
stability of CS-TPP-NPs. In this experiment, the NPs were separated 
from the acidic continuous phase by ultra-centrifugation at 25,000 
rpm for 30 min. The separated NPs were then washed with ultra-
pure water 2 times by re-suspension and ultra-centrifugation cycles 
consecutively. The NPs were then stored in borosilicate glass vials at 
room temperature (25±2o
Statistical data analysis 
C) for 32 d. The aliquots of NPs were 
collected at various intervals (0, 2, 4, 8, 11, 18, 22, 24, 25 and 32 d). 
The collected samples were then characterized for mean particle 
size, PDI, zeta potential and morphological examination. The results 
were reported as mean±SD (n=3). 
The whole data is presented as mean±SD (n=3). Data were analyzed 
using either paired t-tests or independent t-test and analysis of 
variance (ANOVA) followed by Tukey’s post-hoc analysis. For 
particle size, zeta potential, swelling ratios and stability studies, a p 
value<0.05 was considered to indicate a significant difference 
between the samples tested. 
RESULTS AND DISCUSSION 
Optimization of CS concentration 
CS concentration is perhaps the most important determinant of the 
physico-chemical characteristics of the CS-TPP-NPs. Fig. 1 showed 
the effect of CS concentrations on the particle size, zeta potential and 
PDI of CS-TPP-NPs at constant CS: TPP mass ratio (5:1). The particle 
size was linearly increased from 122±9 to 227±16 nm by increasing 
CS concentration from 0.5 to 2 mg/ml (fig. 1a). The particle size was 
further increased significantly (p<0.05, paired t-test) from 284±23 
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to 538±32 nm, when CS concentration was increased from 3 to 5 
mg/ml. These results were also in agreement with previously 
published reports[14, 26, 32, 33]. The increase in particle size was 
expected to be due to the presence of inter-molecular hydrogen 
bonding (due to–OH groups) and inter-molecular electrostatic 
repulsion (due to–NH3+
Fig. 1b showed the effect of CS concentration on the surface charge 
of CS-TPP-NPs. The zeta potential of the CS-TPP-NPs was found to be 
significantly (p<0.05, paired t-test) increased from+19±3 to+52±3 
mV, when the CS concentration was increased from 0.5 to 4 mg/ml. 
However, the surface charge of NPs was decreased suddenly, when 
CS concentration was increased from 4 to 5 mg/ml as shown in fig. 
1b. The increase in zeta potential from 0.5 to 4 mg/ml could be 
associated with the fact that the positive surface charge on CS-TPP-
NPs was mainly due to the residual amine groups on the contour of 
CS that have not interacted with the TPP ions. Thus, the zeta 
potential of NPs was increased linearly with increasing the CS 
concentration as more unneutralised–NH
groups) which exist along the contour of CS 
[34]. As the concentration of CS increases, more molecules of CS tend 
to entangle with each other and crosslink with counter ion (TPP) to 
form a single larger particle [33]. 
3+groups were present on 
the surface of NPs. However, a slight decrease in the surface charge 
when the CS concentration was increased from 4 to 5 mg/ml, was 
expected to be caused by the less H+ ions liberated from the acetic 
acid (CH3COO–H+) which had been fully used up to protonate the–
NH2 groups on the backbone of CS. Moreover, TPP solution donated 
some extent of the hydroxide ions, besides phosphoric ions [33]. 
Therefore, when the liberated H+ ions from the acetic acid were not 
sufficient to neutralize the hydroxide ions (–OH–) of TPP, the–OH–
ions would then tend to ionically cross-link with the protonated–
NH3+
In addition, fig. 1c indicated a linear increase in PDI of CS-TPP-NPs 
from 0.29±0.02 to 0.76±0.05 by increasing the CS concentration 
from 0.5 to 5 mg/ml. The significant increase in the PDI of NPs is 
expected to be due to the fact that higher CS concentration tends to 
increase the agglomeration extent of CS-TPP-NPs which in turn 
predispose an increased poly dispersity of the particles. The CS-TPP-
NPs obtained at CS concentration of 2 mg/ml were found to be 
optimal for further studies because of their smaller particle size 
(227±16 nm), higher zeta potential (+38±3 mV) and satisfactory PDI 
(0.31±0.05). TEM monograph, particle size distribution histogram and 
zeta potential histogram of CS-TPP-NPs prepared at 2 mg/ml and 
constant CS: TPP mass ratio (5:1), are presented in fig. 1d, 1e and 1f, 
respectively. TEM micrograph (fig. 1d) presents the round and smooth 
morphology of NPs with approximate mean particle size of 240 nm. 
The particle size histogram (fig. 1e) showed relatively narrow size 
distribution and approximate mean particle size of 227±16 nm. 
Similarly, zeta potential histogram (fig. 1f) presents narrow zeta 
potential distribution with approximate zeta potential of+38±3 mV. 
groups of CS [35] and thus, resulted in reduction of the zeta 
potential of CS-TPP-NPs [34]. 
 
 
Fig. 1: Effect of CS concentration on (a) particle size (b) zeta potential (c) PDI of CS-TPP-NPs (d) TEM micrograph of CS-TPP-NPs with 
optimal characteristics at CS concentration of 2 mg/ml (e) size distribution by intensity showing 227±14 nm particle size, and (f) zeta 
potential distribution histogram showing 38±3 mV zeta potential (CS: TPP mass ratio 5:1, initial pH of CS solution 4.8, de acetylation 
degree of CS 85%) 
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Optimization of CS: TPP mass ratio 
CS: TPP mass ratio is also one of the prime parameter to control the 
particle size, size distribution and zeta potential. A wide range, 2:1 to 
10:1 of CS: TPP mass ratios were evaluated with constant CS 
concentration (2 mg/ml) as shown in fig. 2. The particle size was 
greatest for the lowest CS: TPP mass ratio (2:1) and decreased 
linearly by increasing CS: TPP mass ratio to 8:1 (fig. 2a). The results 
were also in agreement with previously published data [26]. Hu and 
co-workers reported that at higher TPP concentration the 
suspension became more turbid indicating the formation of particle 
agglomerates when superfluous TPP connect individual nano 
particles. At mass ratio 2:1 the aggregation is so intense that the 
particles precipitated immediately resulting in bigger particle size of 
695±29 nm. The superfluous TPP linked the residual positively 
charged groups of separate CS-TPP-NPs resulting in aggregation. 
The particle size becomes larger again from 213±32 to 284±31 nm 
by increasing CS: TPP mass ratio from 9:1 to 10:1. This increment in 
the particle size might be caused by the possible electrostatic 
interaction (promoting aggregate formation) between the NPs 
because of a decrease in zeta potential of NPs that occurred as the 
CS: TPP mass ratios increased. The wide range of TPP 
concentrations that form particles is due to the fact that TPP can 
create as many as five ionic cross-links with amino groups of CS 
resulting in formation of individual particle or aggregate [21]. 
Fig. 2b on the other hand indicates that the zeta potential of CS-TPP-
NPs was linearly increased from+12±3 to+34±1.5 mV, when the CS: 
TPP mass ratios were increased from 2:1 to 6:1. The increasing 
trend in zeta potential is expected to be caused by the variable cross-
linking extent between the individual opposite charges donated by 
CS (–NH3+) and TPP (–P3O10–5) at various CS: TPP mass ratios. 
Similarly, the number of individual charges (–NH3+and–P3O10–5) and 
the corresponding charge density of both CS and TPP ions also 
imparted a great impact on the ionic interaction and thus on the zeta 
potential of NPs. For example, at a lower CS: TPP mass ratio (2:1), 
the TPP solution might donate a larger number of negative ions (–
P3O10–5), which could sufficiently neutralize the positive charges (–
NH3+
 
) on the contour of CS, and thus result in a lower zeta potential 
and vice versa, as shown in fig. 2b. The zeta potential was then 
decreased from+34±1.5 to+26±2 mV by increasing CS: TPP mass 
ratio from 6:1 to 10:1, respectively.  
 
Fig. 2: Effect of CS: TPP mass ratios on (a) particle size (b) zeta potential (c) PDI of CS-TPP-NPs (d) TEM micrograph of CS-TPP-NPs with 
optimal characteristics at CS: TPP mass ratio of 7:1 (e) size distribution by intensity showing 187±23 nm particle size, and (f) zeta 
potential distribution histogram showing 33±2 mV zeta potential (CS concentration of 2 mg/ml, pH of CS solution 4.8, de acetylation 
degree of CS 85%) 
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Fig. 2c presented size distribution (PDI) of CS-TPP-NPs from 
0.23±0.06 to 0.86±0.05 at various CS: TPP mass ratios (2:1 to 10:1). 
The anecdotal size distribution is expected to be due to variable 
cross-linking extent of TPP and CS ions that might resulted in 
variability in particle agglomeration. Further analysis revealed that 
CS-TPP-NPs obtained at 7:1 were best possible for further studies 
because of their relatively smaller particle size (187±32 nm) with 
narrow size distribution range (0.23±0.06) and higher zeta potential 
(+33±2 mV). These particles were further elaborated by TEM 
analysis (fig. 2d), particle size distribution histogram (fig. 2e) and 
zeta potential distribution histogram (fig. 2f). TEM micrograph (fig. 
2d) showed smooth and regular conformation of NPs with 
approximate mean particle size of 200 nm. The particle size 
histogram (fig. 2e) showed relatively narrow size distribution and 
approximate mean particle size of 187±32 nm. Similarly, zeta 
potential histogram (fig. 2f) presents narrow zeta potential 
distribution with approximate zeta potential of+33±2 mV. 
Optimizations of initial pH of CS solution 
The initial pH of CS solution is an important environmental variable 
affecting the physicochemical characteristics of the prepared CS-
TPP-NPs. The solubilisation of CS, a weak poly base, is reliant to the 
protonation extent of the NH2
Fig. 3 showed the variation of particle size, size distribution and zeta 
potential of CS-TPP-NPs at a range of initial pH values of the CS 
solution. The data obtained showed that the average particle size of 
CS-TPP-NPs was linearly increased from 112±19 to 167±17 nm, 
when the initial pH of CS solution was increased from 3.0 to 5.0 (fig. 
3a). The increase in the particle size was sharp (p<0.05, paired t-
test), when the initial pH of CS solution was increased from 5.5 
(198±27 nm) to 7.0 (498±37 nm). Authors expect that the ionization 
of CS was optimal for cross-linking with TPP ions when the initial pH 
of CS solution was lower than 5.5 (3.0 to 5.0), and the protonation 
extent of the amino groups reduced as the pH of CS solution was 
increased above 5.5 (near to CS pKa 6.5), resulting in agglomeration 
and therefore formation of bigger particle sizes. The protonation of 
CS is the key characteristic of CS to give higher surface charge to NPs 
that resulted in higher extent of electrostatic repulsion. Therefore, 
particle aggregation may result from reduced repulsive potential on 
the surface of dispersed NPs when the initial pH of CS solution was 
increased.
 group when dissolved in acidic media. 
Since the extent of NPs formation is associated with the ionic cross-
linking between CS and TPP, it is rational to conclude the effect of 
initial pH of CS solution on the characteristics of NPs [36]. 
 
 
Fig. 3: Effect of initial pH of CS solution on (a) particle size (b) zeta potential (c) PDI of CS-TPP-NPs (d) TEM micrograph of CS-TPP-NPs 
with optimal characteristics at initial pH of CS solution of 4.0 (e) size distribution by intensity showing 157±11 nm particle size, and (f) 
zeta potential distribution histogram showing 38±2 mV zeta potential (CS concentration of 2 mg/ml, CS: TPP mass ratio of 7:1, de 
acetylation degree of CS 85%) 
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Data obtained also indicated a significant (p<0.05, paired t-test) 
reduction in the zeta potential from+54±3 to+11±2.5 mV, when the 
initial pH of CS solution was increased from 3.0 to 7.0 (fig. 3b). The 
decline in zeta potential of CS-TPP-NPs is expected to be due to a 
decrease in the proto-nation extent of–NH2 groups on the backbone 
of CS by increasing the initial pH of CS solution from acidic (3.0) to 
neutral (7.0). The formation of NPs is strongly associated with ionic 
cross-linking and proto-nation extent of CS and TPP. These findings 
were also in accordance with the previously reported data [37]. 
Sung and co-workers reported that the degree of proto-nation 
(proto-nation extent) on the backbone of CS was observed to be 
decreased by increasing the initial pH of CS solution. At higher pH 
values (6.0 to 7.0), most of the amino groups on the backbone of CS 
were in–NH2 form and did not contribute to the surface charge of 
the CS-TPP-NPs. Conversely, at low pH values (less than 5), most of 
the–NH2 groups on CS were proto-nated (–NH3+
 
) and imparted a net 
positive influence to the surface charge of the NPs. The particle size 
distribution data also highlighted a considerable increase in the side 
distribution range of CS-TPP-NPs from 0.23±0.05 to 0.72±0.04 at 
various pH values of CS solution (fig. 3c). The significantly wider 
range of size distribution range might be correlated with variable 
extent of proto-nation of CS and TPP at a range of initial pH of CS 
solution. After a sufficient data analysis, authors believed that at 
the initial pH of 4.0 of CS solution, the CS-TPP-NPs obtained 
were relatively smaller particle size (157±21 nm) with narrow 
size distribution (0.31±0.06) and higher surface charge (+38±2 
mV). These particles were further elaborated by showing TEM 
analysis (fig. 3d), particle size distribution histogram (fig. 3e) 
and zeta potential distribution histogram (fig. 3f). TEM 
micrograph (fig. 3d) showed the NPs with round and smooth 
morphology with approximate mean particle size of ~150 nm. 
The particle size distribution histogram (fig. 3e) showed 
relatively narrow size distribution and approximate mean 
particle size of 157±21 nm. Similarly, zeta potential histogram 
(fig. 3f) presents narrow zeta potential distribution with 
approximate zeta potential of+38±2 mV. 
 
Fig. 4: Effect of stirring speed on (a) particle size (b) zeta potential (c) PDI of CS-TPP-NPs (d) TEM micrograph of CS-TPP-NPs with optimal 
characteristics at stirring speed of 700 rpm (e) size distribution by intensity showing 167±18 nm particle size, and (f) zeta potential 
distribution histogram showing 38±2.3 mV zeta potential (CS concentration of 2 mg/ml, CS: TPP mass ratio of 7:1, initial pH of CS solution 
of 4.0, de acetylation degree of CS 85%) 
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Optimizations of stirring speed 
The results clearly showed that stirring rate impart a significant 
impact on the particle size, zeta potential and poly dispersity index 
of the resulting NPs as shown in fig. 4. The mean particle size 
reduced gradually from 543±32 nm to 453±31 nm, when the stirring 
speed increased from 200 rpm to 400 rpm (fig. 4a). However, 
further increase in stirring speed from 400 rpm to 700 rpm, result in 
a significant (p<0.05, paired t-test) decrease in the average particle 
size from 453±31 nm to 167±18 nm. Further increase in stirring 
speed from 800 rpm to 1000 rpm however, resulted in a significant 
increment in the particle size from 432±34 nm to 712±42 nm, 
respectively. The results were also in agreement with previously 
published study [33, 38], which reported significant impact of 
stirring speed on the particle size and size distribution of nano-
carriers. Fan and co-workers [33] also reported that the particle size 
distribution was significantly narrowed by increasing the stirring 
speed from 200 rpm to 800 rpm, although aggregates were observed 
at 1000 rpm. The authors suggested that adequate stirring can 
accelerate the dispersion of TPP in chitosan solution and the 
increased shear force helps to narrow dispersity index; however, 
intense stirring may destroy the repulsive force between particles 
and lead to the aggregation of the particles. Together, the stir has 
impact on all the steps related to the crystallization process, 
including mixing, nucleating, growth and particle agglomeration. 
Compared to the low and high stirring speeds, the moderate stirring 
rate observed to improve the mixing and creates more uniform 
environment for NPs formation, therefore the resulting in particles 
that exhibit narrow dispersity. These results can also be observed 
through PDI analysis which highlights a gradual decrease in the 
dispersity range of CS-TPP-NPs from 0.65±0.04 to 0.23±0.02, when 
the stirring speed was increased from 200 rpm to 700 rpm (fig. 4c). 
However, an increase in the PDI above 700 rpm stirring speed might 
be exhibited by the particle agglomeration [39].  
Moreover, resulting data also highlighted the effect of stirring speed on 
the zeta potential of CS-TPP-NPs as shown in fig. 4b. The zeta potential 
was observed to be increased gradually from+11±2 mV to+38±2.3 mV, 
when the stirring speed was increased from 200 rpm to 700 rpm. 
However, further increase in the stirring speed from 700 rpm to 800 
rpm was resulted in a significant (p<0.05, paired t-test) decline in the 
zeta potential from+38±2.3 mV to+21±4 mV. The zeta potential was 
further reduced to+12±1.5 mV by increasing the stirring speed to 
1000 rpm (fig. 4b). The decrease in the zeta potential above 700 rpm is 
expected to be due to the agglomeration of individual particles that 
tends to reduce surface area and the zeta potential associated with 
that surface. In this study, the stirring speed of 700 rpm was observed 
to be optimum condition to produce finest CS-TPP-NPs with relatively 
smaller particle size (167±18 nm), higher zeta potential (+38±2.3 mV) 
and narrow size range (0.23±0.02). Thus, the CS-TPP-NPs produced at 
700 rpm were further assessed by TEM micrograph (fig. 4d), particle 
size histogram (fig. 4e) and zeta potential histogram (fig. 4f). TEM 
micrographs revealed that the self-aggregated CS-TPP-NPs will 
generally exhibit smooth and spherical morphology with approximate 
mean particle size of ~180 nm. According to the size distribution scale, 
the approximate mean particle size of these NPs was 167±18 nm nm 
as shown in fig. 4d. The zeta potential distribution histogram (fig. 4f) 
showed relatively narrow zeta potential distribution with approximate 
zeta potential of+38±2.3 mV. 
Optimization of stirring period 
This experiment was performed to investigate the effect of stirring 
time on colloidal characteristics of CS-TPP-NPs. Fig. 5 depicts the 
correlation between stirring time and various physicochemical 
characteristics of NPs such particle size, zeta potential and PDI. The 
resulting data clearly indicate the influence of stirring time by 
showing a gradual increase in the mean particle size from 156±21 
nm to 176±61 nm, when the stirring time was increased from 0 to 
10 min (fig. 5a). The increase in the particle size was sharp (p<0.05, 
paired t-test), when the stirring time was increased from 10 to 15 
min. Fig. 5a highlights that the increase in the mean particle of NPs 
was more prominent when the stirring time was increased from 25 
min to 30 min. However, this increasing trend in the average 
diameter of CS-TPP-NPs reached to 761±34 nm, when the NPs 
dispersion was stirred for 60 min. These findings were also 
supported by a previously published research [40], which reported 
an increasing trend in the mean particle size of NPs subjected to 
various stirring times with subsequent decreasing trend in the 
particle size. Nie and co-workers [40] demonstrated that the 
increase in the stirring time predisposes to the particle growth and 
the agglomeration processes, which resulted in an increased in the 
mean particle size gradually.  
Similarly, fig. 5b showed a significant impact of the stirring time on 
the mean particle size, zeta potential and particle size distribution 
range of the resulting CS-TPP-NPs. The results revealed that the zeta 
potential of the resulting NPs was gradually decreased from+38±2 
mV to+9±2 mV over the extended stirring period. The decrease in 
the zeta potential of CS-TPP-NPs by increasing stirring time is 
expected to be due to the agglomeration of individual particles that 
in turn reduce zeta potential. These results were also supported by 
the fig. 5c, which shows a fluctuating increasing trend in the 
dispersity index of the CS-TPP-NPs from 0.24±0.03 to 0.71±0.06, 
when the stirring time was increased from 0 to 60 min. This 
fluctuation in the PDI of NPs is expected to be due to the tendency of 
particles to form agglomerates or displace from the surface of each 
other. However, the analysis of resulting data revealed that the 
stirring time of 10 min was the optimum condition to prepare the 
CS-TPP-NPs with relatively smaller particle size (176±16 nm), 
higher zeta potential (+37±2.3 mV) and satisfactory range of size 
distribution (0.34±0.04). Therefore, these NPs were further 
characterized by microscopic examination (fig. 5d), particle size 
histogram (fig. 5e) and zeta potential histogram (fig. 5f). The 
microscopic micrographs revealed a rough and irregular 
morphology of the resulting NPs with approximate mean particle 
size of ~180 nm as shown in fig. 5d. The particle size distribution 
histogram showed relatively wider size distribution as indicated by 
smaller peak which showed 20% of the particle lower than 100 nm 
as shown in fig. 5e. The zeta potential distribution histogram (fig. 5f) 
showed narrow zeta potential distribution of NPs obtained at the 
stirring of 10 min with approximate zeta potential of+37±2.3 mV. 
Effect of ultra-sonication 
To assess the influence of ultra-sonication on the physicochemical 
characteristics of NPs, the prepared CS-TPP-NPs dispersion was 
subjected to high efficiency ultra-sonic processor over a serial time 
span from 0 to 12 min. Fig. 6 showed the effect of ultra-sonication 
duration on the mean particle size, zeta potential and size 
distribution range. The resulting data indicated a linear decreased in 
the average particle diameter of CS-TPP-NPs with an increased in 
sonication time (fig. 6a). A significant (p<0.05, paired t-test) 
reduction in the mean particle size was observed from 178±19 to 
101±16 nm by the sonication of NPs dispersion from 0 to 4 min. The 
rate of decrement in the average particle size was reduced over the 
period of 4 to 15 min. Data analysis showed that the mean diameter of 
dispersed NPs was reduced by approximately 40% in initial 4 min of 
ultra-sonication with subsequent slow and linear reduction by 60% up 
to 15 min ultra-sonication. These results were also in accordance with 
Tang et al. [41] who reported that larger NPs were more susceptible to 
ultra-sonication compared to smaller NPs. The initial phase of size 
reduction, up to 4 min, can be attributed to the disruption of particles 
agglomerates formed during the synthesis of NPs. Nevertheless, the 
lower rate of size reduction in succeeding phase (4 to 15 min) of ultra-
sonication was probably due to the degradation of the polymeric 
backbone of CS which also resulted in relaxation of the treated NPs. 
The authors believed that an extensive size reduction occurred in 
second phase of ultra-sonication might be due to the detachment of 
polymer parts from the NPs which might result in size reduction. This 
fact could also be explained by observing a decrease in PDI from 
0.31±0.03 to 0.23±0.02 over the initial 4 min, with subsequent 
increase as the sonication time increases (fig. 6c). 
Data obtained also signify a sharp reduction in the zeta potential of 
NPs from+41±2 to+22±2.4 mV in the initial 4 min of ultra-sonication. 
However, in the succeeding phase from 4 to 15 min, there was 
observed linear decrease in the zeta potential of CS-TPP-NPs as 
shown in fig. 6b. The decrease in the zeta potential could be 
attributed to the fragmentation of NPs structure. The findings were 
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also supported by previously published data [30] which had also 
highlighted a significant degradation of polymer during an ultra-
sonication process. Floris and co-worker [30] further explained that 
the degradation of the polymer is mainly caused by cavitation effect. 
The resulting data revealed that moderate use of ultra-sonication 
could be able to reduce the particle size significantly via the 
disruption of particle aggregations. However, extensive ultra-
sonication may cause severe fragmentation of the compact structure 
of the NPs subjected. The results were harmonised by observing 
TEM micrographs of CS-TPP-NPs at 0 and 15 min ultra-sonication as 
shown in fig. 6d and 6e, respectively. The obtained micrographs 
clearly showed that the NPs before ultra-sonication (fig. 6d) were 
spherical and smooth with compact surface morphology. Fig. 6e 
clearly indicated the deformation of spherically compact and smooth 
surface structure to rough, irregular and fragmented structure when 
the NPs, were subjected to ultra-sonication for 15 min. 
 
 
Fig. 5: Effect of stirring time on (a) particle size (b) zeta potential (c) PDI of CS-TPP-NPs (d) TEM micrograph of CS-TPP-NPs with optimal 
characteristics at stirring time of 10 min (e) size distribution by intensity showing 176±16 nm particle size, and (f) zeta potential 
distribution histogram showing 37±2.3 mV zeta potential (CS concentration of 2 mg/ml, CS: TPP mass ratio of 7:1, initial pH of CS solution 
of 4.0, stirring speed of 700 rpm, de acetylation degree of CS 85%) 
 
 Optimizations of ultra-centrifugation condition 
Centrifugation is one of the integral process parameter affecting 
the particle size, zeta potential, PDI and percent actual yield of the 
NPs. In order to investigate its effect, centrifugation with different 
speeds (15 000 to 35 000 rpm) was applied to separate and 
sediment the disperse CS-TPP-NPs and agglomerates at a constant 
time period (30 min). Fig. 7 presents the particle size, zeta 
potential and size distribution of CS-TPP-NPs in supernatant and 
sediment obtained at various centrifugation speeds. At the lowest 
centrifugation speed (15 000 rpm), the NPs isolated in the 
supernatant and sediment had shown approximately similar mean 
particle size around 182±14 and 187±21 nm, respectively (fig. 7a). 
The mean particle size of NPs obtained in the supernatant was 
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significantly (p<0.05, paired t-test) reduced from 182±14 to 58±9 
nm, when the ultra-centrifugation speed was increased from 15 
000 rpm to 35 000 rpm. All the NPs larger than ~58±9 nm were 
isolated from the NPs dispersions at 35 000 rpm. On the other 
hand, the average particle size of the NPs isolated in sediments 
was increased from 187±21 nm to 392±36 nm as expected, at the 
diverse range of centrifugation speed (fig. 7a). The particle size of 
NPs obtained in the sediment was sharply increased when the 
centrifugation was performed above 25 000 rpm. Authors believed 
that the higher centrifugation speed (35 000 rpm) efficiently 
isolated all the bigger particles in the sediment and results in very 
small particles (~58±9 nm) remained in the supernatant. 
However, on the other side, higher centrifugation speed also tends 
to create the formation of particle agglomerates which resulted in 
a sharp increase in particle size in the sediments (fig. 7a). This 
could also be the reason for a significant increase in the PDI from 
0.26±0.03 to 0.52±0.09, when the centrifugation speed was 
increased from 15 000 rpm to 35 000 rpm. 
 
 
Fig. 6: Effect of ultra-sonication time on (a) particle size (b) zeta potential (c) PDI of CS-TPP-NPs (d) TEM micrograph of CS-TPP-NPs at 
ultra-sonication time of 0 min and (e) TEM micrograph of CS-TPP-NPs at ultra-sonication time of 15 min (CS concentration of 2 mg/ml, CS: 
TPP mass ratio of 7:1, initial pH of CS solution of 4.0, stirring speed of 700 rpm for 10 min, de acetylation degree of CS 85%) 
 
Fig. 7b depicts that the zeta potential of the NPs in the supernatant was 
reduced from+31±2 to+28±3 mV, when the centrifugation speed was 
increased from 15 000 rpm to 20 000 rpm. However, a sharp 
reduction in the zeta potential was observed at the centrifugation 
speed of 25 000 rpm and above (fig. 7b). It is expected to be due to the 
fact that at higher centrifugation speed (25 000 to 35 000 rpm), only 
very small particles remained in the supernatant, having lower 
average zeta potential. Conversely, the zeta potential of NPs was 
linearly increased from+24±2 to+32±2.1 mV in the sediment, when 
the centrifugation speed was increased from 15 000 rpm to 25 000 
rpm. It means that almost all the bigger particles have been isolated in 
the sediment at higher centrifugation speed which imparted greater 
value of the zeta potential. However, a considerable decrease in the 
zeta potential of the NPs isolated at 30 000 rpm and 35 000 rpm might 
be caused by the particle agglomeration which occurred at higher 
centrifugation speeds (fig. 7b). 
In addition, fig. 7c indicated the effect of centrifugation speed on the 
percent actual yield of the NPs. The resulting data clearly highlighted 
a slight increase in the percent actual yield of NPs from 13±2.9% to 
16±1.8%, when the centrifugation speed was increased from 15 000 
rpm to 20 000 rpm. The percent actual yield was increased sharply 
from 16±1.8 to 36±1.4%, when the centrifugation speed was 
increased from 20 000 rpm to 25 000 rpm. Afterward, a linear 
increase in the percent actual yield was observed when the 
centrifugation speed was increased from 30 000 rpm to 35 000 rpm. 
Though, the percent actual yield of the CS-TPP-NPs was highest at 
the centrifugation speed of 35 000; however, the tendency of 
particle agglomeration and lower zeta potential obtained at this 
centrifugation speed discouraged to claim it as the optimum 
condition. Hence, in our system, a centrifugation speed of 25 000 
rpm was found to be optimum to isolate and centrifuge the 
dispersed NPs. At this centrifugation speed, the sediment of NPs had 
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shown minimal particle agglomeration as well as higher zeta 





Fig. 7 Effect of ultra-centrifugation on (a) particle size in the 
supernatant ( ) and NPs sediment ( ), (b) zeta potential in 
the supernatant ( ) and NPs sediment ( ), (c) actual yield 
(%) of CS-TPP-NPs at various ultra-centrifugation speeds (CS 
concentration of 2 mg/ml, CS: TPP mass ratio of 7:1, initial pH of 
CS solution of 4.0, stirring speed of 700 rpm for 10 min, ultra-
sonication for 4 min, de acetylation degree of CS 85%) 
 
Optimal formulation and process parameters 
After the optimization of different formulation and process 
parameters, the following conditions were retained: CS concentration 
of 0.2% w/v in 1% v/v acetic acid, CS: TPP mass ratio of 7:1, initial pH 
of CS solution of 4.0, stirring speed 700 rpm, stirring time 10 min and 
ultra-centrifugation at 25 000 rpm for 30 min. At these conditions, the 
mean particle size, zeta potential and PDI of CS-TPP-NPs were around 
187±21 nm,+37±3.5 mV and 0.28±0.03, respectively. 
Swelling characteristics 
A series of experiments were executed to examine the effects of pH 
of the incubation media (PBS) on the physical characteristics of 
lyophilized CS-TPP-NPs prepared at optimal conditions. Fig. 8 
presents the effect various pH of the incubating media (PBS) on the 
swelling characteristics of CS-TPP-NPs. The data obtained showed 
that the swelling ratio (25±2%) of NPs incubated at pH 3.0 was 
significantly (p<0.05, paired t-test) higher compared to the swelling 
ratios (13±1.5%) of the NPs incubated at pH 5.0. The trend was 
expected to be due to the fact that at low pH (e. g., pH 3.0), most of 
the amino groups on the backbone of CS were in the form of–NH3+, 
and thus, the overall charge on the surface of the NPs was positive. 
Therefore, authors believed that the extended swelling conformation 
of CS-TPP-NPs at low pH could be caused by a strong electrostatic 
repulsion among like charges (–NH3 +groups) of CS. Additionally, the 
swelling conformation at low pH could also be the reason of bonding 
of–NH3+groups on the surface of CS with the surrounding water 
(water of hydration). In contrast, the lower extent of swelling at high 
pH values (4–5) could be caused by the fact that at this pH range, the 
amino groups in CS were less extensively protonated and the–PO4–
groups of TPP were in ionized form. However, this still can produce 
some electrostatic attractions between CS and TPP in the NPs 
matrices to form compact structure and thus restrains the swelling 
of NPs. On the other hand, fig. 8 also showed the swelling 
conformation of NPs was greatly (p<0.05, paired t-test) increased 
from 27±2% to 39±3.5% at pH 6–8, respectively. This can be 
explained on the basis that at high pH values (6–8), most of the 
amino groups of CS were in the neutral form (–NH2) due to the pKa 
value of CS (6.5) [42], while the PO4-groups of TPP were in the 
ionized form (–PO4-
 
). Thus, the electrostatic attraction between CS 
and its counter ion (TPP) become weakened, which may result in 
increase in the swelling extent of CS-TPP-NPs as shown in fig. 8.  
 
Fig. 8: Swelling ratios of CS-TPP-NPs at various pH values (3.0, 4.0, 
5.0, 6.0, 7.0, and 8.0) of incubating medium (phosphate buffered 
saline, PBS), (CS concentration of 2 mg/ml, CS: TPP mass ratio of 
7:1, initial pH of CS solution of 4.0, stirring speed of 700 rpm for 10 
min, ultra-sonication for 4 min, deacetylation degree of CS 85%) 
 
Colloidal stability on storage 
The present experiment was conducted to assess the impact of 
storage on the physicochemical characteristics of CS-TPP-NPs 
prepared at optimal conditions. Fig. 9 showed the changing patterns 
of the mean particle size, zeta potential and size distribution over an 
extended storage period (day-0 to-day-32). The resulting data 
indicate a slight (p>0.05, paired t-test) increase in the mean particle 
size of CS-TPP-NPs from 174±21 nm (day-0) to 181±12 nm (day-4) 
as shown in fig. 9a. The mean particle size was increased noticeably 
from day-4 (181±12 nm) to-day-8 (214±27 nm); however from day-
8 to-day-20, only a slight increase in the average diameter of NPs 
was observed (fig. 9a). A significantly (p<0.05, paired t-test) greater 
enlargement was observed in the mean particle size of CS-TPP-NPs 
from day-20 (232±31 nm) to-day-32 (487±12 nm). The sharp 
increase in the particle size of NPs could be attributed to the 
formation of particle agglomerates upon storage in PBS (pH, 7.4) at 
room temperature.  
On the other hand, there was no change observed in the zeta 
potential of NPs between day-0 and upon storage up to day-4 as 
shown in fig. 9b. A considerable (p<0.05, paired t-test) decline in the 
zeta potential from+33±3.1 to+26±1.6 mV was observed from day-4 
to-day-20. A further decrease in the zeta potential of CS-TPP-NPs 
was observed over the extend storage period from day-20 to-day-32 
and this was thought to be caused by their interactions to form 
particle agglomerates in the storage media. The possible mechanism 
behind this trend could be the change in the amino groups (–NH3+) 
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on the surface of CS-TPP-NPs that may turn to neutral form (–NH2) 
upon storage in media with alkaline pH (7.4). This may in turn 
reduce the electrostatic attraction between the amino groups (–
NH3+) on the contour of CS and its TPP counter ion (–PO4-) and thus 
result in loosening of compact structure and particle enlargement. 
This could also be attributed to the fact that decrease in the positive 
charge caused by the conversion of–NH3+to–NH2 
 
groups on the 
surface of NPs may in turn reduced the electrostatic repulsion 
between dispersed NPs and thus tend to the formation of particle 
agglomerates. This phenomenon can be also supported from size 
distribution results (fig. 9c), showing consistent increase in the PDI 
of particles above than day-4. The significant increased in the PDI of 
CS-TPP-NPs from 0.23±0.02 (day-4) to 0.76±0.06 (day-32) is 
expected to be due to the particle aggregation. The results were 
further elaborated by TEM analysis of CS-TPP-NPs at day-0 (fig. 9d) 
and day-32 (fig. 9e), highlighting increase in particle size upon 
agglomeration. TEM micrographs showed that the prepared NPs 
were round and smooth in morphology with approximate mean 
particle size of 180 nm, before storage in PBS (pH, 7.4) (fig. 9d). 
However, after storage for 32 d, the TEM micrograph showed 
noticeable particle aggregation and significant increase in the 
approximate particle size to 500 nm as shown in fig. 9e. 
 
Fig. 9: Colloidal stability of CS-TPP-NPs on storage in terms of (a) particle size (b) zeta potential (c) PDI (CS concentration of 2 mg/ml, CS: TPP 
mass ratio of 7:1, initial pH of CS solution of 4.0, stirring speed of 700 rpm for 10 min, ultra-sonication for 4 min, de acetylation degree of CS 85%) 
 
CONCLUSION 
The present study was aimed to investigate the impact of 
formulation and process parameters on the physicochemical 
characteristics of CS-TPP-NPs. The resulting data clearly verified a 
significant influence of the preparation conditions (CS concentration, 
CS: TPP mass ratio, pH of CS solution) and process parameters 
(stirring speed, stirring time, ultra-sonication and ultra-
centrifugation) on the mean particle size, zeta potential and size 
distribution index of CS-TPP-NPs. The controlling parameters are 
clearly identified in the present study in order to produce the CS-
TPP-NPs with optimal characteristics and provide an opportunity 
for manipulating and optimizing the nano particle for further 
intended pharmaceutical and nutraceuticals applications.  
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